Three genes specify alcohol dehydrogenase (EC 1.1.1.14 ADH) enzymes in barley (Hordeaam vulgare L.) (Adh 1, Adh 2, and Adh 3). Their polypeptide products (ADH 1, ADH 2, ADH 3) dimerize to give a total of six ADH isozymes which can be resolved by native gel electrophoresis and stained for enzyme activity.
stainin of these five isozymes on electrophoretic gels increased progressively in intensity as 02 levels were reduced below 5%, and were most intense at 0% 02.
In vivo 3S labeling and specific immunoprecipitation ofADH peptides, followed by isoelectric focusing of the ADH peptides in the presence of 8 molar urea (urea-IEF) demonstrated the following. (a) Aleurone layers incubated in air synthesized ADH 1 and a trace of ADH 2; immature layers from developing seeds behaved similarly. (b) At 5% 0, synthesis of ADH 2 increased and ADH 3 appeared. (c) At 2% and 0% 2, the synthesis of all three ADH peptides increased markedly.
Cell-free translation of RNA isolated from aleurone layers, followed by immunoprecipitation and urea-IEF of in vitro synthesized ADH peptides, showed that levels of mRNA for all three ADH peptides rose sharply during 1 day of 0°deprivation. Northern hybridizations with a maize Adh 2 cDNA clone established that the clone hybridized with barley mRNA comparable in size to maize Adh 2 mRNA, and that the level of this barley mRNA increased 15-to 20-fold after 1 day at 5% or 2% 02, and about 100-fold after 1 day at 0% 02.
We conclude that in aleurone layers, expression of the three barley Adh genes is maximal in the absence of 02, that regulation of mRNA level is likely to be a major controlling factor, and that whereas the ADH system of barley has strong similities to that of maize, it also has some distinctive features.
Aleurone layers of barley (cv Himalaya) are highly tolerant of 02 deficit, in part because they are capable of ethanol glycolysis immediately upon transfer to anoxic conditions (1 1). Essential to this capability is a high constitutive ADH3 activity (11, 13 During prolonged anoxia, a capacity for lactate glycolysis develops, but ethanol glycolysis remains important, and additional ADH activity is induced (10, 1 1). Recent progress in the genetics of the barley ADH system and in the molecular genetics of the related maize ADH system make possible a detailed investigation of the constitutive and anaerobically induced components of ADH in barley aleurone layers.
The ADH systems of all cereals studied (e.g. 1, 5, 12, 14) share many features with that ofmaize, which is very well characterized from the standpoints of both classical and molecular genetics (8, 9) . In all cases, the active ADH isozymes are dimers, whose monomer subunits can be the products of the same or different genes. Whereas maize has two Adh genes which are unlinked, in barley, there are three Adh genes: Adh 1, Adh 2, and Adh 3. The Adh I and Adh 2 loci are tightly linked and sited on chromosome 4 and the Adh 3 locus is freely recombining with Adh I and 2 (2, 10, 14) . The respective polypeptide products of the three barley Adh genes (here designated ADH 1, ADH 2, ADH 3) can combine to give three homodimers (e.g. ADH 1 .ADH 1) and three heterodimers (e.g. ADH 1 .ADH 2). In cv Himalaya, these six isozymes give the following pattern in native starch or polyacrylamide gels after specific staining for enzyme activity:
ADH2.ADH2 ADH2.ADH3 ADH3.ADH3 ADH1.ADH2 ADH1.ADH3 ADH1.ADH1 Scheme I All six isozymes are titrated by sheep antiserum raised against purified maize ADH 1.ADH 1 homodimer (10).
In barley, as in maize, all the ADH isozymes can be found in anaerobically treated root tissues (14, 21, 22) and seed tissues (10) . Again, as in maize, the embryo and aleurone tissues of dry seeds and aerobically germinating seeds have high constitutive levels of the ADH 1.ADH 1 homodimer (10, 12) .
In the work reported here, we asked the following questions concerning 02 deficits and the ADH system in barley aleurone layers: (a) How were returned to various 02 tensions and incubated for a further 20 h. After washing for 2 x 10 min in 20 ml of ice-cold 1 mM Lmethionine to remove unabsorbed label, the layers were then ground in a total of 8 ml of Tris. HCI buffer (pH 8.0) containing 10 mM DTT. After low-speed centrifugation to pellet debris, the supernatant was centrifuged at 10°C for 2 h at 150,000g in a fixed angle rotor. An aliquot of the high-speed supernatant was taken for estimation of 35S uptake by scintillation counting. Proteins were precipitated from the remaining supernatant by adding 4 volumes of cold acetone and holding for several hours at -1 5C. Acetone precipitates were washed with 80% acetone containing 0.2 mm L-methionine until radioactivity in the washes declined to <70 cpm/ml (four washes of 5-10 ml each). The washed precipitates were then solubilized in SDS-sample buffer (28) and samples taken for scintillation counting.
Experiments with high-specific activity [35S]methionine were performed as above up to the point of tissue extraction, except that batches of 10 layers received approximately 50 gCi of L-
[35S]methionine (>800 Ci/mmol) with no unlabeled methionine. Batches of 10 layers were extracted by grinding in 1 ml of 50 mM Tris.HCl buffer (pH 7.4) containing 150 mm NaCl, 2 mM L-methionine (NT buffer) supplemented with 0.05% v/v Nonidet P40 (NP-40) and 10 mm DTT. After low speed centrifugation to remove debris, the supernatant was centrifuged at 10°C for 1 h at I00,OOOg in a swingout rotor. An aliquot (0.1 ml) of the highspeed supernatant was used for precipitation of soluble proteins with 4 volumes of cold acetone; the pellet was washed, solubilized, and sampled for scintillation counting essentially as described above, and portions were analyzed by SDS-PAGE.
The remainder of the supernatant was taken for immunoprecipitation of ADH peptides, using antiserum raised in sheep against purified maize ADH 1.ADH 1 homodimer (24). The following criteria established that this antiserum preparation recognized all barley ADH isozymes, and hence could be used to quantitate the barley ADH peptides. (a) In immunotitration analyses of barley aleurone extracts containing all six isozymes, the ADH activity could be quantitatively removed from the supernatant by the anti-maize ADH serum (1 Ml serum 0.08 IU barley ADH). Immunoreactive peptides were isolated using the Staphylococcus aureus protein A-antibody adsorption technique of Kessler (19 4 volumes of cold acetone. Protein was pelleted by centrifugation and dissolved in SDS-sample buffer for analysis by SDS-PAGE. The remaining reaction mix was taken for immunoprecipitation of ADH peptides, using the double antibody method. First, each mix was adjusted to 0.7 ml with 30 mm Naphosphate buffer (pH 7.4) containing 0.45 M NaCl, 2 mM Lmethionine, and 1% v/v Tween (3 x PBS-Tween), and centrifuged for 10 min at 17,000g. The supernatant was divided in half; one-half received 10 ,l of anti-ADH serum, and the other half received 10 Ml of nonimmune serum (sheep anti-ovalbumin) as a control. After 1 h at 25°C, 40 Ml of rabbit antisheep IgG serum was added to both. After incubation for a further 1 h at 25°C and overnight at 4°C, the immunoprecipitates were harvested by centrifugation, washed three times in 3 x PBS-Tween, twice in water, and analyzed by urea-IEF.
SDS-PAGE and Urea-IEF. SDS-PAGE was used to separate polypeptides labeled in vivo and in vitro, and labeled bands were detected by fluorography as described elsewhere ( 11) 5 Ml of 87% glycerol and 5 Ml of a stock containing 0.1 ml ,8-mercaptoethanol, 0.2 ml of NP-40, and 0.7 ml H20. After vortex mixing for 1 min, the mixture was frozen in liquid N2 and held in this state for up to 3 h before thawing, re-mixing, and re-centrifuging briefly to defoam. The entire 50 Ml sample was loaded into a urea-IEF gel track.
IEF gels (1.3 mm thickness, nominal pH range 3.5-9.5 over a 10-cm width) were prepared according to LKB Application Note 250, except that 8 M urea was included. Gels were run at 14C using an LKB 2117 Multiphor apparatus. Gels were prefocused for 3 h (about 1.2 ky-h) after which sample wells (8 x 4 mm) were cut into the gel 2 cm from the cathode. Samples were added to the wells and the gels were then focused for 4 h (about 3.5 kvh). Radioactivity was detected by fluorography and for in vivosynthesized ADH peptides, the proportions of the individual peptides were determined by densitometry of fluorographs.
Northern Hybridization Analysis. Total RNA samples (15 Mg) were electrophoresed in 2.2 M formaldehyde-1% agarose gels (modified from Ref. 20 ) and transferred to nitrocellulose paper according to Thomas (30) . A maize Adh 2 cDNA clone (pZml 841) was used as a hybridization probe, essentially as described by Gerlach et al. (9) . The extent of hybridization was quantified by densitometry.
RESULTS
Developmental Origin of the Constitutive ADH Activity of Mature Aleurone Layers. The constitutive ADH of mature, dry aleurone tissue and imbibed, aerobically incubated aleurone layers is known to be almost all ADH 1.ADH 1 homodimer with a trace of ADH 1.ADH 2 heterodimer (10, 12) . This endowment of ADH was accumulated during the later part of grain growth, with accumulation continuing until grains dried down (Fig. 1) . Rapid ADH accumulation started at about the same time as Chl loss from the seed coat began. Because the maximum activity reached in layers before drying was close to that measured in both aleurone tissue of air-dried seeds ( Fig. 1 ) and mature aleurone layers imbibed aerobically (1 1), the bulk of the ADH accumulated during grain growth must be stable during dehydration, dry-storage, and rehydration.
The isozyme composition of ADH extracted from developing aleurone layers showed two interesting features (Fig. 1, inset) . First, at no stage were any isozymes containing the ADH 3 monomer detected, although isozymes containing the ADH 2 monomer were readily detected, especially early in development. This apparent difference in expression of the Adh 2 and Adh 3 genes has been noted in another cultivar, Proctor (14) . Second, the ADH 2.ADH 2 homodimer band tended to stain more weakly as grain development progressed as did the ADH 1.ADH 2 heterodimer. Taken with the absence of an ADH 2.ADH 2 band in dry seeds and imbibed aleurone layers (10, 12) , this suggests that ADH 2.ADH 2 and ADH 1.ADH 2 activities are selectively lost during grain maturation.
Induction of ADH Isozymes at Low 02 Tensions. In mature aleurone layers, 02 deficit increases total ADH activity by up to 60% (1 1), and induces five isozyme bands ( Fig. 2 ; see also Ref. 10) . These five bands contain monomers specified by all three Adh genes. The ADH 2.ADH 2 and ADH 3.ADH 3 homodimers showed a small but consistent difference in response to low 02 levels: the latter stained less intensely than the former at 5% 02, but about equally at 2% and 0% 02 (Fig. 2) .
From qualitative isozyme staining on gels, it was impossible to tell whether the ADH 1.ADH 1 homodimer increased or decreased during O2 deficit. Thus, the ADH activity extracted from equal numbers of aerobically and anaerobically incubated layers was quantitated after fractionation on a chromatofocusing column (Fig. 3) . The ADH sample from layers incubated in N2 gave three peaks, the components of which were identified by PAGE: peak I contained ADH 1.ADH 1 homodimer only; peak II contained the heterodimers ADH 1.ADH 3 and ADH 1.ADH 2; peak III contained homo-and heterodimers of ADH 2 and ADH 3. As expected, the profile from layers incubated in air lacked peak III and had a very small peak II. Because ADH activity applied to the column was quantitatively recovered (>98%), it was possible to apportion the N2-induced component of ADH activity among the three peaks as follows. The net increase in ADH activity following induction under N2 was 12.9 IU; of this, 7.7 IU was contributed by peak I, 4 (10) .
When the curves of Figure 3 are considered in relation to the isozyme patterns of Figure 2 , it can be seen that none of the five ADH isozymes which appear on gels after 02-deprivation can augment the total ADH activity by more than about 5 to 10%, and in the cases of the peak III isozymes, by much less than this. We eliminated the possibility that our routine ADH assay method (ethanol-*acetaldhyde, the physiological reverse direction) grossly downplayed the catalytic potential of the anaerobically induced isozymes by assaying extracts from a typical time course experiment (0, 1, 2, 3 d in N2) in both directions. During such an experiment (e.g. Ref. 1 1; Fig. 4 ), the contribution of the induced isozymes increases. Activity in the forward direction (y) was highly correlated with that in the reverse direction (x) (r = 0.96, significant at P < 0.01), and the relationship between yand x approximated 4:1.
In Vivo Protein Synthesis. Low-Specific Activity Experiments. Figure 4 shows that the amount of [35S]methionine taken up by the aleurone tissues (>200 nmol/layer) was large compared to the size of the endogenous pool of free methionine (<20 nmol/layer), and in relation to methionine consumption in protein synthesis during the experiment. Under such conditions, data on "S incorporation into polypeptides can furnish quantitative estimates of protein synthesis. Thus, Figure 4 indicates that the total soluble 35S-polypeptide synthesis declined progressively as 02 deficit increased, so that in 0% 02 it was only about 1 1% of that in air.
High-Specific Activity Experiments. As 02 deficit was increased, the profile of labeled polypeptides separated by SDS-PAGE altered, some bands decreasing in intensity while others increased. The percentage of the profile accounted for by immunoprecipitated ADH increased markedly (Fig. 5A) . Note that all the barley ADH peptides have similar molecular weights (Mr -42,000) and that they run together on SDS-PAGE as a diffuse double band. For the experiment of Figure 5A , the percentages of ADH peptides in the total profiles were as follows: 21% 02, 0.61 %; 5% 02, 1.3%; 2% 02, 3.5%; 0% 02, 13.8%. For immature aleurone layers from developing grains that were incubated with
[35S]methionine in air (not shown in Fig. 5A ), the incorporation into ADH was 0.75% of the total.
Urea-IEF was used to separate the individual immunoprecipitated ADH peptides (Fig. 5B) . The positions occupied by the ADH 1, ADH 2, and ADH 3 monomers on urea-IEF gels have been previously established by analyzing the ADH peptides of electrophoretic variants at the three Adh loci (10) . Additional evidence confirming the identity ofthe labeled ADH 1 band was obtained in the present study from the co-migration ofthe labeled band with unlabeled polypeptide from highly purified barley ADH 1.ADH I homodimer (Fig. 5B, arrow) . The minor band designated as ADH 1' in Figure 5B is considered from genetic evidence to be a posttranslational modification oftheAdh 1 gene product (10) . Two other minor bands, labeled CRM+ in Figure  SB (14) is shown on the right. 21 5 2 0
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Figure 5B shows that in air ADH 1 and its presumed derivative ADH 1' accounted for almost all the radioactivity, although there was also a faint band in the ADH 2 position. The pattern in 5% 02 differed from that in air only by a small increase in the proportion of ADH 2, but at 2% 02 there were much larger differences from air: a prominent ADH 3 band appeared, and the ADH 2 band strengthened markedly. At 0% 02, the ADH 3 and ADH 2 peptides became still more prominent relative to ADH 1.
Figure SB also shows the ADH peptides produced by immature aleurone layers stripped from developing grains and incubated with [35S]methionine in air. The pattern is very similar to that of mature layers in air in the adjacent gel track.
Isolation and In Vitro Translation of Total RNA. The yield of RNA from batches of 40 layers was approximately 150 ,ug. Although yields varied by a factor of two, there was no trend towards lower RNA recovery at low 02 tension.
On SDS-PAGE, the in vitro translation products of RNA isolated from layers incubated at all 02 tensions had many common features, but several bands appeared or strengthened as the 02 concentration decreased (Fig. 6A) . Among the bands which strengthened, that in the zone characteristic of ADH peptides was very prominent. There is a contrast between the in vitro polypeptide synthesis pattern of Figure 6A , in which many bands are added or strengthened at lower 02 tensions, and the in vivo pattern of Figure 5A , in which many bands become weaker while others strengthen at lower 02 tensions.
Labeled polypeptides immunoprecipitated from total translation products, and then separated by urea-IEF are shown in Figure 6B , for the 0% 02 treatment only. (The other three treatments gave immunoprecipitates containing insufficient label for analysis.) In the 0% 02 treatment, sharp bands identical in position to in vivo synthesized ADH 1, ADH 2, and ADH 3 peptides were present, together with a novel, sharp band ahead of ADH 1: there was no band in the usual ADH 1' position. There was also a diffuse band not seen in in vivo labeled samples, cathodal to the ADH I position. Since no bands were seen in control samples prepared with nonimmune serum (not shown), the novel bands of Figure 6B may be incomplete ADH peptides which share some antigenic determinants with in vivo synthesized ADH monomers.
Northern Hybridization Analysis. In all samples, the maize Adh 2 genomic clone used as a probe recognized an RNA species of a size comparable to maize Adh 2 messenger (Fig. 7) . For equivalent amounts of total RNA, the extent of hybridization in 5% 02 and 2% 02 samples was between 15-and 20-fold greater than in the air sample and some 100-fold greater in the N2 sample. The hybridization observed cannot be ascribed to any particular barley Adh mRNA because the extent of homology of the various barley Adh mRNA species with the maize Adh 2 clone is unknown.
DISCUSSION
The ADH system of barley clearly resembles that of maize with respect to polypeptide composition, mRNA structure, and regulation of gene expression during anaerobiosis. In maize, the tissue chosen for studying the anaerobic induction of ADH has been the primary root, which can survive up to 3 d of anoxia (27) . By comparison, primary roots of barley are less tolerant of prolonged anoxia than maize roots (10, 21) . On the other hand, barley aleurone layers not only survive well during complete 02 deprivation (1 1), but actually require this condition for maximum expression of the Adh genes. Thus, aleurone layers of barley are likely to prove useful in further studies of ADH in particular, and ANPs in general.
Since the overall similarity to the maize ADH system is so great, the following discussion emphasizes the differences between the barley and maize ADH systems.
Three-Gene ADH Isozyme Pattern and In Vivo ADH Peptide Synthesis. The ADH isozyme profile in immature barley aleurone layers-mainly ADH L.ADH homodimer activity with much lower activities of ADH 1.ADH 2 and ADH 2.ADH 2 correlates with the in vivo ADH peptide synthesis pattern, which is dominated by ADH 1 and contains a trace of ADH 2. The situation in immature maize seed tissues is comparable (7, 23) , with maize ADH L.ADH homodimer predominant, and traces Fractionation on a chromatofocusing column of total ADH activity extracted from 250 aleurone layers incubated for 2 d in air (0---0) or N2 (-). Fraction volume was 5 ml. PAGE showed that peak I (apparent pI = 5.3) contained only ADH l.ADH I homodimer, peak II (apparent pI = 5.1) mainy ADH 1-containing heterodimers, and peak III (apparent pl = 4.8) mainly homo-and hetero-dimers of ADH 2 and ADH 3; peaks II and III both contained small amounts of ADH .ADH I homodimer. Total ADH activity applied to column: air, 44.2 IU; N2, 57.1 IU. Recovery of ADH activity from the columns was >98%.
of ADH l.ADH 2 heterodimer. However, unlike maize, barley has a third Adh gene (Adh 3) and this remains silent during seed development, at least under aerobic conditions.
In mature barley aleurone layers, the changes in ADH isozymes provoked by 02 deficits also correlate with the patterns of in vivo ADH peptide synthesis, as summarized in Figure 8 . This figure is a synthesis of data from low-and high-specific activity labeling experiments, giving the amounts of the three ADH peptides produced at each 02 level and depicting in the inset the isozyme profiles which could be generated by random dimerization of the ADH monomers produced at each 02 level. Note that the inset data refer only to peptides synthesized during a 24-h period and so do not show the large amount of ADH 1.ADH I homodimer carried over from seed development. When allowance for this initial endowment of ADH 1.ADH 1 homodimer is made, the predictions of Figure 8 are in broad agreement with the experimental data of Figure 2 . Such a result suports the notion that the change in the isozyme pattern results from random association between newly synthesized polypeptides and does not involve recycling of ADH 1 monomer from previously formed dimers.
A direct correspondence between ADH peptide synthesis and anaerobic ADH induction is also well established for maize roots (6, 26) . In maize roots, neither ADH 1 nor ADH 2 are significantly labeled in air, and the ratio of ADH 1:ADH 2 labeling (with [3Hjleucine) is about 2:1 under argon (27) . As shown in of ADH mRNA (9, 27, 29) . Again, as in maize, there is evidence that 02 deficits regulate protein synthesis also at the level of translation: whereas the in vitro translation product spectrum becomes more complex at lowered 02 tension, the in vivo product profile becomes somewhat simpler. Thus, while the aerobic mRNA species persist, their translation appears to be suppressed. Also, the large increase in ADH mRNA level between 2% and 0% 02 is accompanied by a relatively modest change in ADH peptide synthesis in vivo.
A difference from the maize root system is that our in vitro translation products were directed by RNA isolated from tissues incubated for 24 h in the various 02 tensions. Clearly, many of the original messages were still present at this time. In maize, the original translatable message population has decayed substantially by 24 h of 02 deprivation (27) . Barley aleurone tissue can function almost normally as soon as it is returned to air following 4 d under N2 (1 1) but maize roots die after 3 d of anoxia (27 
